Abstract: A type of all-optical logic gates based on a graphene nanoribbon rectangular ring resonator for terahertz frequency is proposed and numerically investigated by finitedifference time-domain simulations. By utilizing the surface plasmon polaritons propagated along the graphene nanoribbon, the tunability in frequency of the filter effect can be achieved by tuning the bias voltage of graphene. The proposed structure can realize NOT, XOR, and XNOR gates, corresponding to the high contrast ratio of about 14.2, 19.5, and 14.1 dB, respectively. The proposed logic gates would be a potential component for designing alloptical logical photonic devices in an optical communication system.
Introduction
Optical logic gates are important elements for future chip scale compact optical integrated circuits, such as switching [1] , label swapping [2] , digital processing [3] , computing [4] , and so on. The conventional electronic logic gate has been widely used, though its poor in intrinsic delay and large heat losses [5] . But these limitations can be solved by using the optical devices, which have some advantages, such as high speed, high capacity, low loss, etc [6] . Recently, all-optical logic gates have been designed based on several kinds of optical techniques, such as semiconductor optical amplifiers [7] , hybrid plasmonic waveguides [8] , ring resonators [9] , and photonic crystals [10] . Compared with electronic logic gates, all-optical logic gates in cascaded loops can be excited with minimal state change delay time [11] . But because of the existence of the interferometry effect, most of the optical logic gates have poor contrast ratio (CR) between logic states "HIGH" and "LOW" [8] .
Surface plasmon polaritons (SPPs) are electromagnetic waves that can travel along a metal/dielectric interface [12] . They offer an efficient method to overcome the diffraction limit and have many potential applications in optical filter [13] , cavity [14] , splitter [15] , waveguide [16] , etc. But the large loss and short propagation distance restrict the applications. Graphene is a one atomic-layer material which has many advantages, such as high carrier mobility characteristics, extreme wave confinement, and low losses [17] - [21] . Because of these good features, graphene has been considered as promising material in various plasmonic structures, such as optical switches [22] , modulators [23] , and sensors [24] . And most of the devices are based on graphene nanoribbon (GNR). As we know, GNR can support both edge and bulk mode [25] . But when the GNR width is just a few tens of nanometers, only the edge mode can be left, which shows great transmission performance. By using this character, the graphene can also be applied to design all-optical logic gates, which can be effectively connected to graphene electrodes. For example, in [26] , a subwavelength graphene-based plasmonic waveguide has been investigated to perform as THz AND/OR logic gate. In [27] , a band structure of L-shaped GNRs has been proposed to achieve AND/OR/NOT gate. In [28] , a porphyrin/graphene hybrid material has been studied to perform as a spin filter or AND logic gate.
In this paper, a GNR-based rectangular ring resonator is proposed to realize tunable filter effect and optical NOT/XOR/XNOR logic gates at terahertz frequency. The numerical results based on three-dimensional (3D) finite-difference time-domain (FDTD) method show that the filter frequency can be easily tuned by varying bias voltage of the Fermi level in the graphene resonator. In addition, we focus on discussing the application of logic gates. The structure can realize NOT, XOR, and XNOR logic gates, which have high CR of 14.2, 19.5, and 14.1 dB, respectively. The property indicates that the structure could be a potential component in compact optical integrated circuits. Fig. 1 shows the schematic diagram of the proposed structure, which is composed of three inputting waveguides and one outgoing waveguide as well as a regular rectangular ring resonator. The graphene layer is deposited on the SiO 2 /Si substrate, and its complex surface conductivity can be calculated from the Kubo formula as followed [29] :
Models and Filter Effect
where ω is radian frequency, e is the charge of an electron, k B is Boltzmann's constant, = h /2π is Planck's constant, μ c is chemical potential, T is temperature and τ is momentum relaxation. At room temperature and in far-infrared spectra, the surface conductivity of graphene can be simplified to [30] :
Besides, the refractive index of SiO 2 and Si are 1.45 and 3.45, respectively. First of all, we investigate the filter effect of the structure. Investigations on the transmission property of the structure are based on 3D FDTD method with perfect matching layer (PML) absorbing boundary condition. The power monitors are set at input and output ports to detect the input power P in and the transmitted power P out . So the transmission can be calculated as T = P out /P in .
As we mentioned above, GNR can support both edge mode and waveguide mode. If the GNR width is a few tens of nanometers, only the edge mode will be left, and the waveguide mode will disappear. More accurately, the edge modes supported by the GNR have two parts: the odd edge mode and the even edge mode [31] . The two modes supported by the GNR with width w < 200 nm is plotted in Fig. 2(a) . The effective refractive index of GSPPs mode is defined as n eff = Re(β/k 0 ), where β is the propagation wave vector in GNR, and k 0 is the free-space wave vector. It is clearly that the effective refractive index of odd edge mode would decrease as width w gets smaller and finally becomes cutoff. So the odd edge mode will disappear when the GNR width is a few tens of nanometers, and leaving only even edge mode. Due to the existence of the even edge mode, it can realize filtering effect. Here we consider the simplest structure, which has only one input port C. Fig. 2(c) . It can be observed that most part of the graphene surface plasmon polaritons (GSPPs) can propagate through the resonator and transmit into the exit port, which shows the filter effect. Fig. 3(a) shows that the effective refractive index is decreasing monotonously with chemical potential. Due to the effective refractive index is sensitive to the change of chemical potential, the filter frequency can be tuned easily by changing chemical potential.
As we know, the chemical potential is dependent on the bias voltage, which means the graphene conductivity or the effective refractive index can be tuned by changing the bias voltage to the graphene. An approximate formula to describe the chemical potential of a single graphene layer on a dielectric substrate is defined as [22] :
where V F is the Fermi velocity, V B is the bias voltage, and t is the substrate thickness. Fig. 3(b) shows an improvement in chemical potential by increasing the bias voltage. And that is, the filter frequency can be tuned easily by changing bias voltage without changing the dimension parameters of the filter, which provides greater flexibility and performance than conventional metallic plasmonic devices.
In addition, the coupling in the structure can also be investigated by the coupled-mode theory (CMT) [32] . The electric field amplitude of the ring resonator satisfies the following equations:
where ω 0 is the central resonator frequency of the cavity, κ 0 is the cavity loss, κ D is the coupling coefficient between the cavity and the output waveguide D, S C ± is the incoming and outgoing waves in the port C. The input and output wave relations on the waveguide can be described by the following equation:
where κ C is the coupling coefficient between the cavity and the port C, S D− is the outgoing wave in the port D. According to the eqs. (4) and (5), we can calculate the transmission coefficients of the output ports. Fig. 4 shows the transmission spectrum as a function of frequency. We can observe that the coupling results with FDTD show a good agreement with the CMT.
All-Optical Logic Gates
Due to the GSPPs can couple in the rectangular ring resonator constructively or destructively, the proposed structure can be designed as ultracompact logic gates. The structure can realize optical NOT, XOR, and XNOR gates. To design XOR gate, we only need ports A and B as the inputs, and the output is collected from port D. To design NOT and XNOR gates, we need an extra input port C as a probe to implement the desired functionality. The electric field distribution when the input is at logical "HIGH" level.
NOT Logic Gate
For designing the NOT logic gate, the input is launched from port A, and the output is collected from port D. The port C will work as a probe to activate the desired functionality. The chemical potential μ c of the graphene is 0.30 eV, and the frequency of the incident signal is 21 THz. Fig. 5(a) shows the NOT logic states. If there is no probe signal, the light will simply pass from port A to port D. But if the probe is active, the output signal will be reserved, which means the logic state of the output signal is logical "0/1" when the inputs are at "HIGH/LOW" level. According to the output transmission in Fig. 5(a) , the threshold boundary between "LOW" and "HIGH" level is considered as 0.1. The big interval between logical "0" and "1" can make minimal error in sensing "0" and "1" in output, which is an advantage of this structure. If there is no input from port A, i.e., A = 0, it is a simple filter similar to the structure as shown in Fig. 2(c) . An output transmission of 0.65 is achieved which can be regarded as logical "1". Besides, this transmission value is lower than 0.83 we obtained in Fig. 2(b) , which is due to the port A. Part of the light will couple into port A, that is, the light will not completely couple into the output D. If port A is active, i.e., A = 1, the signals will input from both A and C, and couple into the resonator. An asymmetrical resonant form generates and the distinct incident lights will destructively interfere with each other, hence leads to a very negligible value at the output port, which can be regarded as logical "0", as shown in Fig. 5(b) . So with the probe signal, the logic state of the output signal is just the opposite of the input signal, which realize the capability for the NOT logic gate.
In addition, the property of the optical logic gates can be evaluated by the CR at the central frequency (f = 21 THz), which is defined as:
where P H and P L are signal at logical "HIGH" and "LOW", respectively. The CR of the proposed NOT gate is 14.2 dB, which confirms that the NOT gate is efficient.
XOR Logic Gate
For designing the XOR logic gate, the input is launched from ports A and B, and the output is collected from port D. Fig. 6 shows the XOR logic states and the electric field distributions for various combinations of inputs, which can help us better understand the behavior of the logic gate. The output is logical "0" when both the inputs are at the same logic state; otherwise, the output is logical "1" when both the inputs are at different logic states. If there is no input for both A and B, i.e., A = B = 0, the electric intensity in the structure is zero, so the logic state (0, 0) is "0". As shown in Fig. 6 (b) and (c), for the logic states (1, 0) or (0, 1) i.e., A = 1 and B = 0 or A = 0 and B = 1, the signal from any of input ports A or B is coupled to the resonator as a filter, therefore, the output of the logic state is "1". For the logic state (1, 1) i.e., A = B = 1, a negligible transmission of logical "0" can be observed as the Fig. 6(d) shows. This negligible value of the output intensity is achieved due to the perfect destructive interference occurs between the signals in the resonator coupled from both inputs A and B. The symmetric input excitation will interfere destructively, which is due to the opposite phase. So the logic state (1, 1) is "0". Besides, the CR is calculated to be 19.5 dB, which is a pretty big value. Thus, the structure can be used as a XOR gate. 
XNOR Logic Gate
For designing the XNOR logic gate, the input is launched from ports A and B, and the output is collected from port D. And the probe input C is also enabled. Fig. 7 shows the XNOR logic states and the electric field distributions for various combinations of inputs. The output is logical "1" when both the inputs are at the same logic state; otherwise, the output is logical "0" when the inputs are at different logic states, which is the complement of XOR gate. If there is no input for both A and B ports, it is also similar to the simple filter as for the logical "LOW" input signal case we discussed in NOT logic gate. But because part of the light will couple into both port A and B, the output transmission is only 0.54, as shown in Fig. 7(b) . So for the logic state (0, 0) i.e., A = B = 0, the output logic is "0". As shown in Fig. 7(c) , for the logic states (1, 0) or (0, 1) i.e., A = 1 and B = 0 or A = 0 and B = 1, which is same as the logical "HIGH" input signal in the case of NOT logic gate. An approximate zero value obtained due to the asymmetrical resonant interaction between the signals from the input and the probe, therefore, the output of the logic state is "0". For the logic state (1, 1) i.e., A = B = 1, the signals couple in the resonator from inputs A and B will interfere destructively and generate an approximate zero signal as we already discussed in the XOR logic gate, but because of the "HIGH" signal from the probe, we can get a "HIGH" signal in the output port, as shown in Fig. 7(d) . So the logic state (1, 1) is "1". The CR of 14.1 dB has been observed between logical "HIGH" and "LOW" states. So the proposed structure can also be realized as a XNOR gate.
Conclusion
In this paper, a graphene-based rectangular ring resonator is proposed to realize tunable filter effect and optical logic gates (NOT, XOR, XNOR) at terahertz frequency. The numerical results based on FDTD method show that the passband center frequency can be easily tuned by varying bias voltage without changing the dimension parameters of the structure. In addition, we focus on discussing the application of logic gates. Proposed NOT, XOR, and XNOR logic gates have high CR of 14.2, 19.5, and 14.1 dB between logical "HIGH" and "LOW" states, respectively. The property indicates that the structure can be used in compact optical integrated circuits.
